A pimeloyl-CoA synthetase from Pseudomonas mendocina 35 was purified and characterized, the DNA sequence determined, and the gene cloned into Escherichia coli to yield an active enzyme. The purified enzyme had a pH optimum of $ 8.0, K m values of 0.49 mM for pimelic acid, 0.18 mM for CoA and 0.72 mM for ATP, a subunit M r of $ 80 000 as determined by SDS\PAGE, and was found to be a tetramer by gel-filtration chromatography. The specific activity of the purified enzyme was 77.3 units\mg of protein. The enzyme was not absolutely specific for pimelic acid. The relative activity for adipic acid (C ' ) was 72 % and for azaleic acid (C * ) was 18 % of that for pimelic acid (C ( ). The N-terminal amino acid was blocked to amino acid sequencing, but controlled proteolysis resulted in three peptide fragments for which amino acid sequences were obtained. An oligonucleotide gene probe corresponding to one of the amino
INTRODUCTION
Pimeloyl-CoA is the first common intermediate on the biotinbiosynthetic pathway in a number of bacteria (Scheme 1). It is synthesized either directly from pimelic acid and CoA by pimeloyl-CoA synthetase, or by a modified fatty acid-synthesis pathway [1, 2] . The pimeloyl-CoA synthetase from Bacillus megaterium has been partially purified and characterized [3] , and that from Bacillus sphaericus has been expressed in Escherichia coli and purified to homogeneity [4] . This enzyme is highly specific for pimelic acid and is the product of the bioW gene, suggesting that it has a unique role in biotin biosynthesis in this bacterium. It is now clear that, in E. coli, pimeloyl-CoA is synthesized by a modification of fatty acid biosynthesis, but functions have not yet been allocated to the products of the bioC and bioH genes, which are known to be involved before pimeloyl-CoA in the pathway.
The final aim of our work is to develop a biotechnological process for the production of biotin. To this end we have cloned the entire biotin (bio) operon from E. coli and over-expressed the enzymes, both in E. coli and in an Agrobacterium\Rhizobium strain [5] . In E. coli, one problem is the supply of precursors to the pathway. Since bioC overexpression has been reported to inhibit cell growth, and biotin production is growth-dependent, we have been exploring other routes to supply pimeloyl-CoA to the pathway in i o. One strategy was to clone a highly active pimeloyl-CoA synthetase gene from another organism to form a hybrid pimeloyl-CoA synthetase-bio operon, and to produce Abbreviation used : DTT, dithiothreitol. 1 To whom correspondence should be addressed (e-mail nicholas.shaw!lonza.ch). The DNA sequence of the pauA gene has been deposited in the EMBL, GenBank 2 and DDBJ Nucleotide Sequence Databases under the accession number AJ012480.
acid sequences was synthesized and used to isolate the gene (pauA, pimelic acid-utilizing A) coding for pimeloyl-CoA synthetase. The pauA gene, which codes for a protein with a theoretical M r of 74 643, was then sequenced. The deduced amino acid sequence of the enzyme showed similarity to hypothetical proteins from Archaeoglobus fulgidus, Methanococcus jannaschii, Pyrococcus horikoshii, E. coli and Streptomyces coelicolor, and some limited similarity to microbial succinyl-CoA synthetases. The similarity with the protein from A. fulgidus was especially strong, thus indicating a function for this unidentified protein. The pauA gene was cloned into E. coli, where it was expressed and resulted in an active enzyme.
Key words : Archeoglobus fulgidus, biotin synthesis, hybrid pathway, pauA gene, sequence similarity. biotin starting from pimelic acid instead of from a carbon source such as glucose or sucrose. To do this we selected a catabolic enzyme from Pseudomonas mendocina 35. Here we describe its purification, characterization, partial amino acid sequence, complete DNA sequence and cloning of the corresponding gene into E. coli, where the product of the cloned gene was active. This is the first report of the characterization, DNA sequence and cloning of a catabolic pimeloyl-CoA synthetase. The work also serves to identify a protein coded by the genome of A. fulgidus.
METHODS

Bacterial strains
Ps. mendocina 35, Acinetobacter calcoaceticus 19, Ps. aeroginosa PAO1 (wt), E. coli K38 and E. coli XL1-Blue [6] were from the Lonza strain collection.
Growth media
Ps. mendocina 35 and A. calcoaceticus 19 were grown at 30 mC on minimal medium containing either 0.2 % (w\v) pimelic acid or 0.2 % pimelic acid plus 0.2 % succinic acid. The medium contained, per litre : Solution (AjN), 100 ml ; Solution SL4, 1 ml ; Solution B, 25 ml ; 20 % (w\v) pimelic acid, 10 ml [or 20 % (w\v) pimelic acid plus 20 % succinic acid, 10 Ps. aeroginosa PAO1 was grown on the minimal medium described above, with 0.2 % pimelic acid as carbon source. Cells were harvested in the exponential phase. 
Preparation of cell-free extracts
Cells from 100 ml of culture were resuspended in 2 ml of 100 mM Hepes buffer, pH 7.5, containing 1 mM dithiothreitol (DTT) and placed in an ice bath. A 20 µl portion of 50 mM PMSF was added and the cell suspension sonicated seven times at 50 W for 10 s with 50 s cooling in between. Cell debris was removed by centrifugation. [1,7- 
Chemicals and radioisotopes
Measurement of pimeloyl-CoA synthetase activity
One unit of activity is defined as 1 µmol of pimeloyl-CoA synthesized\min. Pimeloyl-CoA synthetase activity in itro was measured by a coupled spectrophotometric assay system with pig muscle myokinase (1800 units\ml), rabbit muscle pyruvate kinase (2000 units\ml) and rabbit muscle lactate dehydrogenase (2750 units\ml). The oxidation of NADH to NAD + was monitored spectrophotometrically at 340 nm. The production of 1 mol of AMP results in the oxidation of 2 mol of NADH. The molar absorption coefficient of NADH at 340 nm was taken to be 6.22i10$ litre:mol −" :cm −" . The reaction mixture contained, in a final volume of 1 ml : 10 mM MgCl # , 1.5 mM ATP, 1.5 mM phosphoenolpyruvate, 0.24 mM NADH, 0.4 mM CoASH, lactate dehydrogenase (2.75 units), pyruvate kinase (2.0 units), myokinase (7.2 units), 5 mM pimelic acid and cell extract, plus 100 mM Hepes buffer, pH 7.5, containing 1 mM DTT. All assay components were prepared in the Hepes\DTT buffer, and the 50 mM pimelic acid stock solution was also adjusted to pH 7.5 with NaOH. The rate of reaction was determined at 30 mC (a) without enzyme (cell extract) and pimelic acid (b) without pimelic acid, and (c) with all the assay components present.
Purification of the pimeloyl-CoA synthetase from Ps. mendocina 35
All materials for column chromatography were from Pharmacia.
DEAE-Sepharose CL-6B anion-exchange chromatography
Cell-free extract was loaded on to a 50 mmi73 mm column (bed vol. 143 ml) that had been equilibrated with 100 mM Hepes buffer, pH 7.5, containing 1 mM DTT. The column was washed with the same buffer containing 100 mM NaCl at a flow rate of 5 ml\min until no further protein was eluted from the column. Pimeloyl-CoA synthetase was eluted with a linear gradient of NaCl from 100 mM to 300 mM in 100 mM Hepes buffer, pH 7.5, containing 1 mM DTT. The gradient volume was 750 ml, the flow rate 1 ml\min and 10 ml fractions were collected. The enzyme was eluted from the column at about 200 mM NaCl. Fractions active in the spectrophotometric assay were pooled and concentrated by ultrafiltration (Amicon YM10 membrane).
Superose 12 Prep gel-filtration chromatography
Concentrated sample from the DEAE-Sepharose step was loaded on to a 100 ml volume Superose-12 Prep column (16 mmi500 mm), equilibrated with 100 mM Hepes buffer, pH 7.5, containing 1 mM DTT. The flow rate was 0.5 ml\min and 2 ml fractions were collected. The enzyme was eluted in a volume of $ 10 ml, with an elution volume between 40 and 50 ml (fractions 20-25).
Chromatofocusing on Mono-P
The buffer in the sample was exchanged to the start buffer for the Mono-P column, namely 25 mM BisTris, pH 6.3, by means of a Sephadex G25 PD-10 gel-filtration column.
Chromatofocusing was carried out as described in the Pharmacia instruction brochure with a linear gradient from pH 6.0 to pH 4.0. The enzyme was eluted as a single sharp peak at pH 5.3.
Identification of the pimeloyl-CoA synthetase reaction product
A crude desalted preparation of pimeloyl-CoA synthetase from Ps. mendocina 35 (250 µl, 8 mg\ml protein) in 100 mM Hepes buffer, pH 7.5, was incubated in a total volume of 2.5 ml with 13 mM CoASH, 12 mM pimelic acid, 12 mM ATP, 10 mM MgCl # , 1.5 mM phosphoenolpyruvate, 10 µl of myokinase and 2.5 µl of pyruvate kinase. The stock solution of pimelic acid was made up in 0.5 M Hepes buffer, pH 7.13, and 600 µl of this was added to the assay. ["%C]Pimelic acid (1 µCi) was added as tracer to facilitate purification of the reaction product. After 22 h incubation at 30 mC the pH was adjusted to 3.0 with 51 µl of formic acid, and precipitated protein removed by centrifugation. The sample was then loaded on to a Pharmacia HR 10\10 Mono Q column, and eluted with a linear gradient of ammonium formate, pH 3.0, from 10 mM to 1.0 M. The flow rate was 4 ml\min, the gradient volume was 272 ml and 8 ml fractions were collected. Radioactivity in the fractions was determined by liquid-scintillation counting. Two peaks of radioactivity were seen, and the constituent fractions of each peak were pooled and freeze-dried. The peak corresponding to pimeloyl-CoA contained a calculated 4.2 mg of dry material, which was analysed by NMR, in #H # O with a Nicolet NT 300 spectrometer, operating at 300 MHz.
PAGE
SDS\PAGE was carried out essentially as described in [7] .
Analytical gel filtration
This was carried out with a Superose-12 analytical column equilibrated with 100 mM Tris\HCl buffer, pH 6.8, containing 15 mM NaCl. The following proteins were used as markers : ribonuclease, M r 13 700 ; chymotrypsin, M r 25 000 ; BSA, M r 67 000 ; aldolase, M r 158 000 ; catalase, M r 232 000 ; ferritin, M r 440 000. The standards were prepared at a concentration of 5 mg\ml, except for ferritin, which was 2 mg\ml. The sample volume was 200 µl.
Determination of kinetic constants
All assays were carried out in 100 mM Bicine buffer, pH 8.0. Before determining the kinetic constants of the purified enzyme, the linearity of the reaction with respect to protein concentration was established. For K m determinations, 0.42 µg of the purified enzyme was used and the standard concentrations of substrates in the assays were : ATP, 1.5 mM ; CoASH, 0.4 mM ; pimelic acid, 5 mM. The concentration of the substrate for which the K m was being determined was then varied. Kinetic values were calculated with the Enzfitter and 
-yl β--galactopyranoside (' X-Gal ') and 0.5 mM isopropyl β--thiogalactoside (' IPTG ')], 76 individual clones with recombinant plasmids were isolated.
With these a ' colony blot ' was prepared on a nitrocellulose membrane, which was then probed with the same radiolabelled oligonucleotide as above. One colony bound the oligonucleotide. Restriction mapping showed that it contained a recombinant plasmid with the desired 9.4 kb EcoRI fragment from the Ps. mendocina 35 genome. This fragment included the other specific restriction fragments mentioned above. The plasmid was named pCRB1.
DNA sequence of the pimeloyl-CoA synthetase gene
DNA sequencing was carried out as described in [8] . Singlestrand DNA of pBluescript derivatives were used as DNA templates. Sequence reactions were performed with the Sequenase Kit from United States Biochemicals (Cleveland, OH, U.S.A.). Both DNA strands were completely sequenced, and for all cloning sites overlapping sequences were obtained. Analysis of DNA sequences was done with PC\Gene programs from IntelliGenetics Inc. (Mountain View, CA, U.S.A.). The deduced amino acid sequence was compared with existing sequences using the BLAST network at the Swiss Institute for Experimental Cancer Research and through the Expasy web site.
Radioactive labelling of plasmid-encoded pimeloyl-CoA synthetase
Genes cloned into plasmid pBluescript can be selectively expressed via its bacteriophage T ( promoter, pT7. Recombinant plasmids were transformed into E. coli K38 with the plasmid pGP1-2 that contains the gene for bacteriophage T ( RNA polymerase under control of the bacteriophage-λ promoter P L [9] .
The method for induction of T ( RNA polymerase and for selective [$&S]methionine labelling of proteins encoded by pT7-recombinant plasmids is described in [10] .
Determination of pimeloyl-CoA synthetase activity in strains containing the cloned enzyme
For the measurement of pimeloyl-CoA synthetase activity in these strains, determinations were either made in crude cell-free extracts or after chromatography on a 10 mmi100 mm (8 ml volume) column of DEAE-Sepharose CL-6B anion-exchange resin. A 30 ml gradient was used, from 100 mM Hepes buffer, pH 7.5, containing 1 mM DTT and 300 mM NaCl to the same buffer containing 1 M NaCl. This simple purification step was included because it was often difficult to measure pimeloyl-CoA synthetase activity in the crude cell-free extracts owing to background ATPase activity.
Protein sequencing
Protein sequencing was by Edman degradation with either a model 473A or a model 477A Microsequencer (Applied Biosystems) equipped with Problott reaction cartridges. Preparation of the peptides derived from a tryptic digest of purified pimeloyl-CoA synthetase for sequencing was as described in [11] .
RESULTS AND DISCUSSION
Selection of a bacterium as a source of pimeloyl-CoA synthetase
The utilization of saturated dicarboxylic acids containing from six to ten carbon atoms can support the growth of aerobic bacteria belonging to the genera Pseudomonas and Acinetobacter. The dicarboxylic acids are metabolized by β-oxidation, and the initial step is activation to the corresponding CoA derivative [12] . Bacteria were screened for growth on pimelic acid (C ( ) and crude cell-free extracts of the pimelic acid-utilizing bacteria A. calcoaceticus 19, Ps. mendocina 35 and Ps. aeroginosa PAO1 were prepared by sonication and tested for pimeloyl-CoA synthetase activity in itro using the spectrophotometric assay (Table 1) . Pimeloyl-CoA synthetase from Ps. mendocina 35 was the most active, especially when pimelic acid was the sole carbon source for growth. This strain was therefore chosen as a source of pimeloyl-CoA synthetase for further study and for cloning. We suppose that pimelic acid as a carbon source for this bacterium is activated to pimeloyl-CoA as a prerequisite to its catabolism, and consequently the pimeloyl-CoA synthetase that we chose for further study is a catabolic enzyme.
Identification of the pimeloyl-CoA synthetase reaction product
The NMR spectra of the putative pimeloyl-CoA synthetase reaction product synthesized with a crude cell-free extract of Ps. mendocina 35 and that of the synthetic pimeloyl-CoA were virtually identical, and consistent with the structure of pimeloylCoA. The product of the enzyme reaction was therefore pimeloyl-CoA.
Purification of pimeloyl-CoA synthetase from Ps. mendocina 35
The enzyme was purified in three steps, using anion-exchange and gel-filtration chromatography, followed by chromatofocusing. The results of a typical purification are summarized in Table 2 and analysis of the purified enzyme by SDS\PAGE is shown in Figure 1 .
Amino acid sequence
After purification, the buffer in the sample was exchanged to 50 mM ammonium bicarbonate, pH 8.0, the sample freeze-dried and a partial amino acid sequence determined. The N-terminal amino acid was blocked, so the protein was reduced, carboxymethylated and cleaved specifically with trypsin, and three peptides isolated by reverse-phase HPLC. The sequences of the peptides were :
(1) Ala-Xaa-Ile-Glu-Ser-Ala-Pro-Glu (2) Ile-Leu-Pro-Xaa-Asn-Pro-Asn (3) Ala-Leu-Phe-Glu-Asp-Pro-Thr 
Figure 1 SDS/PAGE of purified pimeloyl-CoA synthetase
Lanes A and C, M r markers ; lane B, pimeloyl-CoA synthetase.
Figure 2 Determination of pH optimum
Each assay mixture contained 2.3 µg of purified enzyme.
Absorption spectrum
The absorption spectrum for the purified enzyme between 200 nm and 700 nm showed a peak at 280 nm, but otherwise there were no other characteristic peaks.
Substrate specificity
Five dicarboxylic acids (50 mM in 100 mM Hepes buffer, pH 7.5, containing 1 mM DTT) were tested as substrates for the enzyme in a crude cell-free extract of Ps. mendocina 35. Compared with pimelic acid (C ( , 100 %), the relative activities were as follows :
Stability
The crude cell-free extract steadily lost activity when stored at 4 mC such that only 10 % of the original activity remained after 8 days. The enzyme, both in crude cell-free extracts and after purification, was most stable when stored at k20m or k80 mC.
pH optimum
The pH optimum of the purified enzyme was determined at 30 mC with the coupled assay system, and was $ pH 8.0 (Figure 2) . Because of the complex assay system, this value should be considered as a functional pH optimum.
Native and subunit M r
The subunit M r of the pure enzyme was calculated to be between 74 000 and 80 000 from SDS\PAGE ( Figure 1 ). The sequence of the pauA (pimeloyl-CoA synthetase) gene showed that it codes
Figure 3 Restriction map of pCRB1
The fragments removed to give pCRB1-1 (ClaI) and pCRB1-2 (Xho I-Mlu I) are indicated by the cross-hatched boxes.
for a protein with an M r of 74 643. The native M r was estimated by analytical gel filtration to be between 200 000 and 400 000 (elution volumes of 11.6-13.6 ml). A more accurate estimate was not possible with this method. The enzyme is therefore probably a tetramer, with an M r of 298 572.
Determination of kinetic constants
Typical Michaelis-Menten kinetics were observed, with K m values of 0.72 mM for ATP, 0.18 mM for CoASH and 0.49 mM for pimelic acid. The average V max for the enzyme was 25 µmol\min per mg of protein, which indicated that the enzyme lost some activity on storage or thawing compared with the freshly prepared enzyme (Table 2 ). In comparison with the biotin-pathwayspecific enzyme from Bacillus sphaericus (1.0 µmol\min per mg of protein) [4] , the Ps. mendocina enzyme is between one and two orders of magnitude more active (77.0 µmol\min per mg of protein for the freshly prepared enzyme). This difference is probably due to the metabolic function of the B. sphaericus enzyme in vitamin synthesis and that of the Ps. mendocina enzyme in catabolism.
Cloning of the Ps. mendocina 35 pauA gene
We named the pimeloyl-CoA synthetase gene pauA. To isolate the pauA gene, a mixed radiolabelled oligonucleotide corresponding to the sequence of tryptic peptide 3 (Ala-Leu-Phe-GluAsp-Pro-Thr) was synthesized and used as a specific DNA probe. The probe was hybridized to a Southern blot of Ps. mendocina 35 total DNA cut with different restriction enzymes, and bound to five fragments, the largest being a 9.4 kb EcoRI fragment. Since this fragment had the greatest chance of containing the gene for the complete enzyme, a partial gene bank of 8.5-10.5 kb EcoRI fragments was prepared from Ps. mendocina 35, and ligated with plasmid pBluescript KS − . E. coli XL1-Blue was transformed with the ligation mixture and clones with recombinant plasmids isolated. One colony contained a recombinant plasmid with the desired 9.4 kb EcoRI fragment from the Ps. mendocina 35 genome. A restriction map of this plasmid (pCRB1) was prepared ( Figure 3 ). In pCRB2, the restriction fragment was cloned in the opposite direction. All of the restriction fragments hybridizing with the synthetic oligonucleotide spanned the same area, thus indicating the approximate location of the gene coding for pimeloyl-CoA synthetase. This region was examined by DNA sequencing and by specific expression using the pT7 promoter of pBluescript. Subclones were generated by a two-step strategy. First, several restriction fragments generated from pCRB1 were isolated and recloned into the plasmid vectors pBluescript KS − , KS + or SK + , resulting in a series plasmids (pCRB3 to pCRB12 ; results not shown). The cloning of a DNA fragment in both possible orientations made DNA sequencing and gene expression starting from either end possible. The plasmids pCRB3 to pCRB12 were further modified by deletion mutagenesis, either by cutting suitable restriction sites and re-ligating the shortened plasmids or by using the exonuclease Bal31 when suitable restriction sites were absent. More than 25 of these plasmids were constructed and used for the DNA sequence determination.
DNA sequence of the pimeloyl-CoA synthetase gene
The DNA sequence of the pauA gene (2916 nt) was determined and is shown in Figure 4 . Computer analysis showed an open reading frame of 711 codons, from position 204 to 2336, yielding a theoretical protein with a M r of 74 643. This corresponds well with the M r of pimeloyl-CoA synthetase as calculated from SDS\PAGE. Furthermore, the amino acid sequence deduced from the DNA sequence contained the peptides that were isolated and sequenced after a tryptic digest of pimeloyl-CoA synthetase.
The GC content of pauA (70 % GC) is typical of Ps. genes, as is the codon usage [13] . A comparison of the pimeloyl-CoA synthetase amino acid sequence with other proteins showed similarities with hypothetical proteins from A. fulgidus [14] , Methanococcus jannaschii [15] , Pyrococcus horikoshii, E. coli [16] and Streptomyces coelicolor. The similarity was especially strong (normalized alignment score 936 [17] ) with the conserved hypothetical protein from A. fulgidus, thus indicating a function for this unidentified protein. The hypothetical proteins from the organisms mentioned above also had other areas of strong similarity with one another, indicating the possibility of a Pimeloyl-CoA synthetase from Pseudomonas mendocina 35 CODFICK and CODRNY), this is a coding region. The GC content and codon usage are very similar to the pauA gene. The open reading frame is closely linked to pauA ; in fact five codons are overlapping. Furthermore, it is preceded by the prominent Shine-Dalgarno sequence AGGAGG. Therefore we assign to it a hypothetical gene pauB that forms an operon with pauA and may also be involved in pimelic acid metabolism. This hypothesis is, however, weakened by the presence of a 9 bp inverted repeat, centred around nt 2403. This structure might act as a transcriptional terminator approx. 50 bp downstream of the pauA 3h end. Neither possibility could be excluded in further experiments and, up to now, we have no final proof for the existence of a pauB gene. A database comparison did reveal some sequence similarities, for example with the multifunctional β-oxidation protein from Neurospora crassa. The significance of this observation remains to be established.
Expression and specific labelling of the protein encoded by the pauA gene
The expression of the proteins encoded by various pCRB plasmids was analysed by specific expression of plasmid-encoded proteins from the bacteriophage T ( promoter, also contained in the pCRB plasmids. We were able to identify unambiguously the pauA gene product as an approx.-74 000-M r protein ( Figure 6 ).
Determination of pimeloyl-CoA synthetase activity in cell-free extracts from strains containing the cloned enzyme
The results for the various strains tested show the successful cloning of the active Ps. mendocina 35 enzyme in E. coli and confirm the identity of the enzyme (Table 3 ). The levels of activity achieved were comparable with those in Ps. mendocina 35. The extract from cells containing pCRB1 had no pimeloylCoA synthetase activity, but removal of either a ClaI or a XhoI-MluI fragment (pCRB1-1 and PCRB1-2 ; Figure 3 ) resulted in activity, presumably by removal of a regulatory element that blocks the transcription of pauA. We have not determined the nature of this regulatory mechanism. 
